Introduction
In eukaryotes, 45S rRNA genes are tandemly arrayed by the hundreds, and sometimes by the thousands, at chromosomal loci spanning millions of basepairs. RNA polymerase I (Pol I) transcribes the 45S rRNA genes, producing primary transcripts that are then processed extensively, yielding one molecule each of 18S, 5.8S, and 25-28S rRNA, with the exact size being speciesdependent ( Figure 1 ). These RNAs, together with 5S rRNA transcribed by Pol III, comprise the structural and catalytic centers of ribosomes, the protein synthesizing machines of the cell [1] [2] [3] .
The chromosomal loci where rRNA genes are clustered are known as Nucleolus Organizer Regions (NORs) [4] and the nucleolus, the site of ribosome assembly, only forms at NORs if the rRNA genes are active [1] . NORs that are active during interphase remain relatively decondensed at metaphase, forming the so-called secondary constrictions-the primary constrictions being the centromeres (Figure 1 ). The basis for secondary constriction formation is the persistent binding of Pol I transcription factors that happen to stain intensively with silver. In animals, the Pol I transcription factor, UBF (Upstream Binding Factor) is particularly important for secondary constriction formation, as demonstrated by the recent engineering of 'pseudo-NORs' composed of repeated UBF binding sites [5, 6] . These pseudo-NORs display the secondary constrictions and silver staining characteristics of true NORs [7] . Although plants do not appear to have an obvious UBF homolog, their secondary constrictions, like those of animals, stain intensively with silver [8] .
Unlike regions of NORs that were transcriptionally active during interphase, and therefore remain relatively decondensed at metaphase, inactive NORs become fully condensed at metaphase. This difference in metaphase NOR condensation, which reflects the activity state of the rRNA genes during the preceding interphase, was the molecular basis for the initial discovery of nucleolar dominance as a phenomenon affecting chromosome morphology [9] . Specifically, Navashin noted that in multiple different interspecific hybrid combinations of species within the plant genus, Crepis secondary constrictions frequently formed on the chromosomes inherited from only one of the two progenitors, regardless of whether that progenitor served as the maternal or paternal parent. Decades later, it became clear that NORs are the loci where rRNA genes are tandemly arrayed and studies in Xenopus hybrids showed that the molecular basis for nucleolar dominance is the uniparental expression of rRNA genes [10] .
Despite its $80 year history and its occurrence in interspecific hybrids ranging from plants, invertebrates, frogs, flies, fish, and mammals (for reviews see [11, 12] ), the mechanisms responsible for nucleolar dominance are still not resolved. However, recent progress includes evidence that nucleolar dominance is a large-scale gene silencing phenomenon in which noncoding RNAs may be key to selective rRNA gene inactivation.
Chromatin modifications are involved in nucleolar dominance in plants
The hypothesis that dominant genes are preferentially activated and underdominant genes are off by default has been largely supplanted by evidence that the underdominant genes are preferentially silenced through changes in DNA methylation and repressive histone modifications. Initially, the chemical inhibitor of DNA methylation, aza-deoxycytosine (aza-dC), was shown to disrupt nucleolar dominance in wheat-rye hybrids [13] and in Brassica allotetraploid hybrids [14] . In the Brassica hybrids, chemical inhibition of histone deacetylation using Trichostatin A (TSA) was also sufficient to prevent nucleolar dominance. Importantly, simultaneous treatment with both aza-dC and TSA did not yield additive or synergistic effects, indicating that DNA methylation and histone deacetylation are partners in the same repression pathway [14] . Moreover, blocking DNA methylation was found to prevent the occurrence of repressive histone modifications, and blocking histone deacetylation disrupted cytosine hypermethylation, indicating that cytosine methylation and repressive histone modifications specify one another in a self-reinforcing loop at rRNA genes [15] .
In Arabidopsis suecica, the allotetraploid hybrid of A. thaliana and A. arenosa, the A. thaliana-derived rRNA genes are silenced. Transgene-induced RNA interference (RNAi) has proven to be a useful approach for identifying specific chromatin modifying activities required for nucleolar dominance in A. suecica. Systematic knockdown of the sixteen predicted histone deacetylases identified HDT1 and HDA6 as activities required for rRNA gene silencing in nucleolar dominance [15, 16] . Similar experiments targeting the predicted DNA methyltransferases showed that the de novo methyltransferase, DRM2, is required for the silencing of the A. thaliana-derived rRNA genes in the hybrid [17 ] . Likewise, knockdown of the twelve predicted methylcytosine binding domain proteins revealed the need for MBD6 and MBD10 [17 ] . Although MBD10 localizes throughout the nucleus, MBD6 colocalizes preferentially with rRNA gene loci. Immunolocalization and chromatin immunoprecipitation (ChIP) experiments indicate that MBD6-rRNA gene interactions are DRM2-dependent, suggesting that MBD6 recognizes cytosine methylation patterns established by DRM2 [17 ] . In mammals, methylcytosine binding domain proteins assist in the formation of heterochromatin by interacting with other chromatin modifying proteins, including histone deacetylases [18, 19] . Whether MBD6 does likewise is currently unknown.
Nucleolar dominance as a manifestation of rRNA gene dosage control
What is the point of nucleolar dominance? The answer appears to lie in dosage control, a system that operates in non-hybrids, too, to regulate the number of active rRNA Ribosomal RNA genes are arrayed in long tandem repeats at NORs. Secondary constrictions observed on metaphase chromosomes correspond to decondensed chromatin that is indicative of rRNA gene repeats that had been active in the preceding interphase. The rRNA gene repeats are arranged in long tandem arrays of 45S rRNA genes, each including the coding regions for the 18S, 5.8S, and 25S rRNAs, and each separated from the adjacent rRNA gene by an intergenic spacer. Intergenic spacers include repetitive elements and the gene promoter. The transcription start site is indicated by +1. Sequences removed during processing of 45S transcripts include the external transcribed spacer (ETS) and the internal transcribed spacers (ITS) separating the 18S, 5.8S, and 25S rRNAs.
genes according to the physiological needs of the cell [20] [21] [22] . In proliferating cells, rRNA synthesis typically accounts for 50%, or more, of all nuclear transcription owing to the demand for ribosomes and protein synthesis. By contrast, rRNA gene transcription drops precipitously in non-growing cells [2, 23, 24] . Whether in yeast or in humans, rRNA gene regulation occurs at two major levels. The first level of control regulates the number of rRNA genes in the on or off states [20] . Transcription among the active subset of rRNA genes is then fine-tuned by regulating the number of transcribing RNA polymerase I (Pol I) enzymes per gene [22, 25] via post-translational modifications of Pol I transcription factors [2, 24, [26] [27] [28] [29] [30] [31] [32] .
Several lines of evidence indicate that nucleolar dominance is a manifestation of dosage control. When silenced rRNA genes subjected to nucleolar dominance are derepressed with aza-dC or TSA, or by knockdown of required chromatin modifying activities, transcription from the dominant set of rRNA genes also increases, suggesting that the mechanisms responsible for the silencing of the underdominant genes are also silencing the subset of the dominant rRNA genes being dosage controlled [14] . In addition, chromatin immunoprecipitation experiments have revealed that the histone and DNA modifications controlling the proportion of active and inactive rRNA genes in non-hybrid A. thaliana are also responsible for nucleolar dominance in hybrid A. suecica [15] .
An important point is that rRNA genes subjected to nucleolar dominance are not permanently inactivated but, instead, are silenced in a developmentally regulated manner [33, 34] . In newly germinated A. suecica seedlings, the A. thaliana-derived and A. arenosa-derived rRNA genes are both highly expressed, but as true leaves emerge, the A. thaliana-derived rRNA genes become progressively inactivated [33] . These observations indicate that at one or more crucial times per life cycle, the ribosomal RNA genes of both progenitors are needed in order to meet the physiological demands of the organism. During other periods of development, the ribosomal RNA genes are presumably in excess over the needs of the cells and the excess genes are silenced.
A role for small RNAs in nucleolar dominance
The finding that HDA6 and DRM2 are required for nucleolar dominance suggested a link to the RNAdirected DNA methylation (RdDM) pathway in Arabidopsis thaliana given that both activities have been identified in genetic screens for components of the RdDM pathway [35, 36] . In this pathway, the plantspecific DNA-dependent RNA polymerase, Pol IV is thought to generate transcripts that are then used as templates by the RNA-dependent RNA polymerase, RDR2. The resulting double-stranded RNAs are then diced into 24 nt small RNAs by DICER-LIKE 3 (DCL3) and loaded into ARGONAUTE 4-containing effector complexes that somehow guide the de novo cytosine methyltransferase, DRM2 to DNA sequences homologous to the siRNAs. Exploration of the potential role of the RdDM pathway in nucleolar dominance led to the finding that RNAi-mediated knockdown of RDR2, DCL3 or DRM2 disrupts the silencing of the A. thaliana-derived rRNA genes in A. suecica [17 ] . In agreement with these results, small RNAs corresponding to the rRNA gene promoter and intergenic regions are eliminated in DCL3-RNAi lines and are depleted in RDR2-RNAi plants, suggesting a role for the siRNAs in the selective silencing of A. thaliana-derived rRNA genes [17 ] (summarized in Figure 2 ).
RNA and chromatin-dependent rRNA gene silencing in mammals
The involvement of siRNA-directed DNA methylation in the establishment and/or maintenance of nucleolar dominance in plants is intriguing in light of evidence for RNA-mediated rRNA gene silencing in mammals. In mice, a subset of the rRNA genes is silenced via the action of NoRC (nucleolar remodelling complex), a complex of TIP5 (TTF-I-interaction protein #5), and SNF2h, an ATP-dependent chromatin remodeller [37] [38] [39] [40] . Recent evidence indicates that NoRC recruitment is RNA dependent. The requisite RNA is not siRNA, but highly structured 200-300 nt RNAs whose transcription initiates within the intergenic spacers and extends through the promoter region [41, 42 ] . These structured RNAs, dubbed pRNAs, interact with the TIP5 protein and facilitate NoRC recruitment to the rRNA gene promoter, thereby mediating heterochromatin formation and gene silencing. The pRNAs were recently shown to arise from a particular subclass of rRNA loci, indicating that they work in trans at distant rRNA gene repeats [43 ] (Figure 2) .
A side-by-side consideration of RNA-mediated rRNA gene silencing in plants and mammals is enlightening. In mammals, NoRC inhibits rRNA gene transcription in an aza-dC and TSA-reversible manner [39] , implicating DNA methylation and histone deacetylation in rRNA gene silencing, as in plants. NoRC physically interacts with the Sin3 co-repressor complex, which includes the histone deacetylases HDAC1 and HDAC2 [44] , which are members of the same gene family as Arabidopsis HDA6 [16] . Moreover, NoRC interacts with the DNA methyltransferases DNMT1 and DNMT3 [39, 45] , the latter being a de novo DNA methyltransferase that is structurally related to Arabidopsis DRM2 [46] , which is required for nucleolar dominance [17 ] . Moreover, the chromatin marks of active and silenced rRNA genes are similar in mouse and plants. In both cases, active gene promoters associate with histone H3 trimethylated on lysine 4 (H3K4me3) and with hyperacetylated histones H3 and H4. Likewise, silenced rRNA genes associate with methylated H3K9, deacetylated H3 and H4, and have cytosine-hypermethylated promoters. In both mammals and plants, RNA molecules generated from intergenic spacer sequences appear to mediate silencing [17 ,41,42 ] . A difference, at present, is that plants appear to silence rRNA genes via siRNA-directed cytosine methylation and heterochromatin formation, which is a process that operates throughout the genome, whereas mammals appear to have evolved an rRNA-gene-specific system involving long noncoding pRNAs and NoRC. Nonetheless, the overall similarities of rRNA gene silencing in plants and mammals are striking [11, 20] .
Conclusions and outlook
The big question in the study of nucleolar dominance concerns how one set of rRNA genes can be chosen for inactivation. Because nucleolar dominance occurs independent of maternal or paternal effects, and is developmentally regulated following embryogenesis, imprinting in the gametes does not appear to be involved. Unlike the random inactivation of one X-chromosome in somatic cells of female eutherian mammals [47, 48] , nucleolar dominance is not random. Instead, it is always the same parental set of rRNA genes that is silenced, implying a mechanism that can choose between the different sets of rRNA genes in the genome. This choice mechanism is not based simply on the number of rRNA genes at an NOR, as NORs with fewer genes can be dominant over NORs with more rRNA genes [34, 49] . The hypothesis that inactivating a species-specific transcription factor might inactivate the matching set of rRNA genes [50, 51] also fails to explain nucleolar dominance in plant hybrids whose progenitors' rRNA genes are fully functional when transfected into the other species [52, 53] . Likewise, the appealing hypothesis that dominant genes have a higher binding affinity for one or more transcription factors, stemming from experiments involving large doses of rRNA minigenes injected into Xenopus oocytes [54] [55] [56] , are not supported by transient expression or in vitro transcription experiments in plants [52, 53] . Against the backdrop of these previous hypotheses, the new evidence that RNA is involved in nucleolar dominance is exciting in that base-pairing interactions, in principle, could impart the specificity needed to tell the rRNA genes apart.
In wheat-rye hybrids, it was recently demonstrated that nucleolar dominance involves the upregulation of the dominant set of rRNA genes, concomitant with the repression of the underdominant set of genes [57 ] . Considered together with evidence that intergenic pRNA transcripts can lead to silencing of rRNA genes in trans in mice [43 ], a possibility is that transcription of the dominant class of rRNA genes results in the silencing of the repressed class. Moreover, nucleolar dominance is known to involve proteins of the RNA-directed DNA methylation pathway [17 ] , utilizing siRNAs that can act in trans at homologous loci. However, it is not clear why siRNAs would act only in trans and not silence the loci from which they arise.
Other unexplained observations include evidence that it could be the NOR, and not the individual rRNA genes, that is the unit of regulation in nucleolar dominance [58] . For instance, in Arabidopsis thaliana Â A. lyrata hybrids, rRNA transgenes integrated at ectopic loci escape the silencing imposed on rRNA genes within the A. thaliana NORs [59] . This result is unexpected if each individual rRNA gene is silenced independently.
Determining the origins of noncoding transcripts giving rise to intergenic regulatory RNAs, determining their regulation during development, identifying the basis for rRNA gene specificity and what prevents regulatory RNAs from silencing all rRNA genes in the genome are questions that will provide focus in the coming years.
